ABSTRACT WILLEMS, M. E. T., and W. T. STAUBER. Performance of plantar flexor muscles with eccentric and isometric contractions in intact rats. Med. Sci. Sports Exerc., Vol. 32, No. 7, pp. 1293-1299, 2000. Purpose: To examine the changes in performance of active plantar flexor muscles of rats by controlled dorsiflexion (i.e., stretching of muscles) at two angular velocities. Methods: Repeated stretches (30) at two velocities of ankle rotation [slow stretch (0.87 rad⅐s Ϫ1 (i.e., 50°⅐s Ϫ1 )), fast stretch (10.47 rad⅐s Ϫ1 (i.e., 600°⅐s Ϫ1 ))] were superimposed on maximally active muscles from an ankle position of 1.57 rad to 0.70 rad (i.e., from 90°to 40°). Repeated isometric contractions (30) of the same duration (1900 ms) and rest interval (3 min) were performed at 1.13 rad (i.e., 65°). Performance was assessed by measuring the isometric torque at ankle positions of 1.57 and 0.70 rad, work during concentric contractions [range of motion 1.22 rad (i.e., 70°)], and the time to produce 50% of the maximal isometric torque. Results: Thirty isometric contractions resulted in a linear reduction in torque (total deficit of 13.8% at 1.57 rad), whereas for slow and fast stretches, half of the total, nonlinear deficit at 1.57 rad (about 30%) was completed after six stretches. Increases in half contraction times were larger for stretches than for isometric contractions. Reductions in isometric torque were greater at an ankle position of 1.57 rad than at 0.70 rad. One hour of rest after the repeated stretches and isometric contractions did not restore muscle performance. Conclusions: Isometric contractions of skeletal muscle can create a torque deficit which is much less than that after stretches. Repeated fast and slow stretches resulted in similar torque deficits which did not recover after a rest period of 1 h.
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The reduction in isometric force immediately after a series of repeated stretches of active skeletal muscles could result from the combined effects of cellular injury and fatigue. Structural [sarcomere disruption (7) , loss of membrane integrity (9, 27) ] and functional [E-C coupling failure (13) ] evidence for cellular injury have been reported. The role of fiber type (18) , initial fiber length, and work input during the stretch (12) on the reduction in isometric force has been reported. Four studies investigated the effect of velocity of stretch on force deficits using single stretches of muscle fibers (17) or repeated stretches of skeletal muscle (20, 24, 26) . McCully and Faulkner (20) used three stretch velocities (0.2, 0.5, and 1.0 Lf⅐s Ϫ1 ) on mouse EDL muscle in situ. In this study, a force deficit 3 d after exerciseinduced injury was associated with an increase in velocity of stretch because an increase in velocity of stretch correlated with larger peak forces. Warren et al. (26) used three stretch velocities (0.5, 1.0, and 1.5 Lo⅐s
Ϫ1
) on soleus muscle in vitro of young rats with unphysiological high [Ca 2ϩ ] that, as discussed by the authors, influenced the slow decline of muscle function after the "injury" protocol. It cannot be excluded that high calcium levels influenced the force deficits during the "injury" protocol as well. Still, Warren et al. (26) did find some evidence for greater declines in performance at higher lengthening velocities. A weak effect of velocity on changes in muscle function was found by Talbot and Morgan (24) using two stretch velocities (3.0 Lo⅐s Ϫ1 and 4.0 Lo⅐s Ϫ1 ) on toad sartorius muscle in vitro. In the study of single stretches by Lynch and Faulkner (17) , five stretch velocities (0.5, 1.0, 2.0, 3.0, and 4.0 Lf⅐s used on skinned fast twitch muscle fibers from the EDL muscle of adult male Fischer 344 rats. Although fibers exposed to a stretch of 4.0 Lf⅐s Ϫ1 (167% V max ) had a failure rate of 40% during the stretch compared with a failure rate of only 5% or less for slower velocities, it was concluded that there was no velocity effect (17) . Based on these four studies, the evidence for an effect of velocity of stretch on contraction-induced force deficits seems to favor a slightly larger decline in performance with higher velocities of stretch. The effect of velocity of stretch has not been tested on muscle-tendon units in intact animals (11, 16) . We tested the hypothesis that repeated stretches of skeletal muscle by fast velocity joint-movements would induce a larger decline in muscle performance than slow velocity joint-movements in intact rats. Using the intact animal, stretches occur within the anatomical range of motion.
The purpose of this study was to measure the performance of rat muscles in situ during repeated active stretches (velocity-controlled ankle rotations) and repeated isometric contractions. Performance was assessed by measuring the maximum isometric torque at ankle positions of 0.70 and 1.57 rad (i.e., 40°and 90°), positive work during concentric contractions, and time to produce 50% of the maximal isometric torque. Rest periods between isometric contractions and active stretches minimized effects of fatigue from stimulation.
METHODS
Animal care and preparation. Caged-sedentary, female Sprague Dawley rats (3-4 months) were used in this study. Animal care and handling and all experimental procedures were approved by and followed the guidelines of the West Virginia University Animal Care and Use Committee (WVU-ACUC #9511-05) and were conducted in accordance with the principles of the American College of Sports Medicine.
The animals were anesthetized with sodium pentobarbital (75 mg⅐kg Ϫ1 i.p.), and supplementary doses were administered as required to maintain an adequate depth of anesthesia. The trachea was cannulated using polyethylene tubing (PE 240, Becton Dickinson, Gaithersburg, MD) to facilitate breathing and the animal was positioned on a heating pad to maintain body temperature.
A midline incision was made in the posterior aspect of the hindlimb and the tibial nerve exposed by blunt dissection through the popliteal fossa. Access to the nerve was facilitated by careful removal of connective tissue and adipose tissue surrounding the nerve. The common peroneal and sural nerves were cut. A bipolar cuff electrode made of silastic tubing (Dow Corning, Midland, MI) was positioned around the tibial nerve. Silastic tubing used had an inner and outer diameter of 1.67 and 2.41 mm, respectively. The position of the cuff was secured by tying nylon sutures around it without compressing the tibial nerve. The distance between the steel wires (Cooner wire AS632, Chatsworth, CO) in the cuff was approximately 1.5 mm. The wires of the cuff were lead out of the popliteal fossa and the skin was closed using nylon sutures. The free ends of the wire electrodes were connected to the nerve stimulator (Grass SD9 stimulator, Grass Medical Instruments, Quincy, MA).
The animal was placed supine on a X-Y positioning table attached to the dynamometer. Temperature of the left hindlimb was controlled between 30 and 35°C using an infrared lamp and a temperature probe directly attached to the skin. Position of the knee [1.57 rad (i.e., 90°)] was secured in a knee holder. The left foot was compressed on an aluminum plate with the ankle axis, assumed to lie on a line between the medial and lateral malleoli, aligned with the axis of rotation of the motor. The aluminum plate was connected to a custom-built dynamometer (4). The dynamometer involves a permanent magnet servomotor (Type 1000 DC, Model 1410) and an Unidex 1 single axis motion controller (Aerotech Inc., Pittsburgh, PA). The force applied on the aluminum plate at the sole of the foot was translated into a vertical movement of the aluminum plate relative to a Z-11⅐5-kg Ϫ1 load cell (HBM Inc., Marlboro, MA). The fixture of aluminum plate and load cell will be referred to as force-plate. A schematized drawing of foot placement of the rat on the aluminum plate and knee holder is shown in Figure 1 . Force was measured under the sole of the foot of the rat and converted to torque values for the plantar flexors by multiplying force values with the ankle axis of rotation and the border of the proximal component of the thenor pcd of the foot (10mm).
During muscle contractions, the foot was kept firmly positioned (compression force: 12-20 N) using two crossbars. Between tests, the cross-bars were released to avoid swelling of the foot due to compression. Rotational movement of the force-plate and timing of stimulation were controlled by the computer.
Position of the ankle [e.g., 1.57 rad (i.e., 90°)] is defined as the angle between the tibial longitudinal axis and the plantar surface of the foot. Angular position of the forceplate corresponds approximately to the ankle angle (28) . Six to eight isometric contractions were performed at a forceplate position of 2.09 rad (i.e., 120°) to establish the stimulus parameters for maximal activation of the plantar flexors by electrical stimulation of the tibial nerve [200 s pulse duration, 80 Hz, 5.4 Ϯ 0.3 V (mean Ϯ SE)]. These stimulation parameters were constant throughout the testing protocols. All dynamic contractions were executed in a range of motion [concentric contractions: range 0.70 -2.09 rad (i.e., 40°Ϫ120°); active stretches: range 0.70 -1.57 rad; see below for details of contractions] that covered the range of motion that occurs during rat locomotion (10) . Once the experiments were ended, the rats were euthanized with a lethal intracardial injection of sodium pentobarbital.
Experimental procedure. The overall experimental protocol for initial testing, the testing with repeated isometric contractions and active stretches, and the early and late recovery testing are presented in Figure 2 . Initial and recovery testing consisted of concentric contractions and isometric contractions performed three times each. Concentric contractions provide information on torque production over a specific range of motion and can be used to calculate positive work. For concentric contractions, the force-plate was moved from 2.09 to 0.70 rad with an angular velocity of 0.52 rad⅐s Ϫ1 (i.e., 30°⅐s Ϫ1 ) with relaxed muscles. After 100 ms pause, the plantar flexors were maximally activated (isometric preload), and 600 ms later the force-plate was returned to 2.09 rad at an angular velocity of 0.52 rad⅐s Ϫ1 , concentric contraction). Total stimulation time was 3400 ms. Each concentric contraction was preceded by a movement of the same magnitude with passive (i.e., noncontracting muscles) and subtracted from the movement with contracting muscles. Each series of three concentric contractions was averaged. These preloaded slow concentric contractions allow analysis of the isometric torque of the plantar flexors at an ankle position of 0.70 rad before the movement. Isometric contractions were performed at a force plate position of 1.57 rad. Stimulation time of isometric contractions was 600 ms. Rest periods were two min for isometric contractions and four min for concentric contractions. Rest periods between contractions were chosen to allow recovery of fatigue from contractions at high stimulation frequency (80 Hz).
Repeated isometric contractions and repeated stretches. The repeated isometric contractions and slow and fast velocity stretches, 30 each, were performed to determine changes in isometric torque, half contraction times and positive work. Six animals each were used for repeated isometric, slow stretch and fast stretch testing, respectively. Stretches were initiated 600 ms after the onset of nerve stimulation from an ankle position of 1.57 rad, isometric preload) by rotational movement of the ankle to an
.47 rad⅐s Ϫ1 of rat plantar flexors were estimated to be 5-6% and 60 -75% of maximal angular velocity. The repeated active stretches of the plantar flexors during ankle rotations of 0.87 rad⅐s Ϫ1 and 10.47 rad⅐s Ϫ1 will be referred to as slow and fast velocity stretches. The passive return of the foot was performed after the end of stimulation. The first slow or fast velocity stretch was preceded by a movement of the same magnitude with noncontracting muscles (passive movement). Isometric contractions were performed at an ankle position of 1.13 rad (i.e., 65°), which was in the midrange of the range of motion during the stretches. Stimulation time was 1900 ms for isometric contractions and stretches with rest periods of 3 min between contractions.
Data collection and analysis. The force-plate position and force output were sampled at 264 Hz. The forceplate position was converted to ankle position by repeated measurements (N ϭ 3) of the ankle angle (i.e., angle between a line from the lateral epicondyle of the tibia and the plantar surface of the foot) by the use of goniometry at force-plate positions between 1.05 and 2.09 rad (i.e., 60°a nd 120°) with steps of 0.35 rad (i.e., 20°). The angular positions of the force-plate were fitted with a one degree polynomial with respect of ankle position (r 2 ϭ 0.998 Ϯ 0.001). The ankle positions at force-plate positions less than 1.05 rad were extrapolated from the curves. Active torque values for dynamic contractions were calculated by subtracting from the total torque during movements with muscle activation the torque during movements with no muscle activation. For isometric torque, the active torque was calculated by subtracting the average torque 100 ms before stimulation from the average total torque between 500 and 600 ms after stimulation (i.e., on the tetanic plateau). For repeated isometric contractions and stretches, third order polynomials were used (r 2 Ͼ 0.99) to calculate the time to produce 50% of the maximal isometric torque. The time to produce 50% of the maximal isometric torque during each contraction in the series of repeated isometric contractions and stretches were expressed as a percentage of the time in the first contraction in the series. For concentric contractions, positive work was calculated as the area under the curve between force and ankle position in the ankle range of motion between 0.79 and 2.01 rad (i.e., 45°and 115°) omitting the acceleration and deceleration periods at the beginning and end of the movement.
At the end of the experiment the length of the gastrocnemius medialis muscle (GM) (i.e., distance between proximal end of proximal aponeurosis and distal end of the most distal fiber bundle) and length of the plantaris muscle (PL) (i.e., distance between the proximal end of the most proximal fiber bundle and the distal end of the most distal fiber bundle) was measured with the knee in flexion (1.57 rad) and ankle angle at 1.57 rad using a pair of dividers and a ruler with a resolution of 0.5 mm. In order to facilitate length measurements of the PL, GM and part of the gastrocnemius lateralis muscle were removed.
Statistics. One way analysis of variance (ANOVA) was used to test: 1) the effect of repeated isometric contractions and stretches on isometric torque at ankle positions of 0.70 and 1.57 rad and positive work during initial and recovery testing, and 2) to test for length of GM and PL of rats exposed to isometric contractions and slow and fast velocity stretches. Two-way ANOVA was performed to test for the effect of velocity on the isometric preload torque. When a significant F-ratio was found, post hoc testing was done with a Tukey test to determine where specific differences had occurred. Values were presented as mean Ϯ SE for N ϭ 6 per group. Significance was accepted at P Ͻ 0.05.
RESULTS
Among the three experimental groups [i.e., isometric contractions (ISO), slow stretch (SS) and fast stretch (FS)], there were no differences in body weight (ISO: 255.3 Ϯ 5.6 g; SS: 263.8 Ϯ 6.5 g; FS: 266.0 Ϯ 8. Repeated isometric contractions and stretches. The isometric contractions (Fig. 3A) resulted in nearly constant force levels (i.e., plateau) after the build-up of isometric torque. For slow and fast velocity stretches, ankle rotations were started after the build-up of isometric torque (Fig.  3B and 3C) . At both velocities, the torque reached a peak at the end of the rotation (i.e., at the end of the stretch). Peak muscle torques were similar at the end of slow and fast stretches (i.e., at similar joint positions) at comparable contraction numbers during the injury protocol (1st contraction; SS: 0.31 Ϯ 0.02 Nm, FS: 0.30 Ϯ 0.02 Nm; 30th contraction; SS: 0.25 Ϯ 0.02 Nm, FS: 0.24 Ϯ 0.02 Nm).
Changes in isometric torque during the series of repeated isometric contractions and stretches. The relationship between the decrease in isometric torque due to repeated isometric contractions was linear (r 2 Ͼ 0.98) (Fig.  4) . The change in isometric torque at an ankle position of 1.13 rad by the series of 30 repeated isometric contractions was 10% and significant (one way ANOVA). In contrast, a larger nonlinear decrease in isometric torque (approximately 30%) was recorded for both slow and fast velocity stretches by the 30th stretch. For both velocities, half of the total decrease in isometric torque after 30 stretches was completed after six stretches. There was no effect of angular velocity on the decrease in isometric torque (two-way ANOVA, P ϭ 0.09) (Fig. 4) .
Changes in half contraction time during the series of repeated isometric contractions and re- peated stretches. During repeated isometric contractions and repeated stretches there was an increase in half contraction time (Fig. 5 ) that was larger for the stretches. After 1 h of recovery (i.e., rest), the increase in half contraction time due to repeated isometric contractions and repeated stretches was still present.
Isometric torque at two ankle positions and positive work immediately after and 1 h after a series of repeated isometric contractions and stretches. Larger decreases in isometric torque were found at ankle angles of 1.57 rad than at 0.70 rad after repeated stretches but not after repeated isometric contractions (Table 1) . At both ankle positions, the decreases in isometric torque due to stretches were larger than the torque deficit created by the isometric contractions. One hour of rest of the muscle after each series of repeated isometric contractions and active stretches (i.e., late recovery) did not alter the torque deficits at each ankle angle ( Table 1 ). The decrease in positive work resulting from the repeated stretches was greater than from repeated isometric contractions (Table 1) . There was no effect of velocity on the decrease in positive work. Decrease in positive work did not recover after 1 h of rest (Table 1) .
DISCUSSION
Chronic exposure to repeated slow and fast stretches in intact rats (i.e., slow and fast angular velocities) produces muscle injury that can lead to adaptation or pathology (23) . In the present study, the effect of slow and fast stretches on muscle injury of plantar flexor muscle working in situ was tested in our intact rat model using velocity-controlled ankle rotations. Functional impairments which were present after 1 h of recovery, such as an isometric torque deficit, an increase in half contraction time and decrease in positive work, were taken as indirect evidence of muscle injury. Force deficits induced by 40 preloaded concentric contractions producing fatigue (31% of initial force value) recover within 30 min to 88% of the initial force value (unpublished observations), suggesting that the torque deficits present 1 h after the fast and slow stretches were indicative of muscle injury. Compared with repeated sustained isometric contractions, the active stretches produced larger reductions in isometric torque, larger increases in half contraction time, and larger decreases in positive work. These alterations in muscle performance were taken as indirect evidence of muscle injury and not caused by metabolic fatigue.
The hypothesis that the angular velocity of joint movements with stretches of skeletal muscle working in situ is a factor in producing torque deficits was not supported. Likewise, for isolated muscles and single muscle fibers, it has been shown that stretch velocity is not a critical parameter for force deficits due to eccentric contractions (17, 24, 26) . However, the possibility of a larger decline in performance at velocities much above 10.47 rad⅐s Ϫ1 remains. Most of the torque deficit due to repeated stretching occurred early in the series for both stretch protocols but not for repeated isometric contractions. Several factors likely participate in the exponential character of the decrease in torque from stretching an active muscle. First, each successive stretch in a series of stretches starts with a lower isometric force and attains smaller peak forces during the stretch compared to the previous one. Peak forces during eccentric contractions have been shown to be an important factor in producing subsequent force deficits (26) . Second, if some sarcomeres become overstretched by the stretching protocol, other sarcomeres would be at shorter lengths in order to keep the muscle length constant for any specific ankle position. Overstretched sarcomeres would result in functionally shorter muscle lengths and a shift of the lengthforce relationship of the muscle (e.g., 14). Subsequent stretches might be initiated or even occur on the ascending limb of the relationship (i.e., at functionally shorter muscle lengths). When single stretches of extensor digitorum longus muscles in situ of mice were initiated at relatively short muscle lengths, smaller force deficits were observed (12) . In human skeletal muscle in vivo repeated eccentric contractions (stretches) shift the isometric length-force relationship downward (i.e., torque declines) and toward joint positions indicative of functionally longer muscle lengths (14) . Due to a shift in length-force relationship, the absolute torque decline at muscle lengths greater than optimum length is smaller than the torque decline at muscle lengths less than optimum length. Our results, torque deficits were larger at relatively short muscle lengths, provide indirect evidence for a shift in the length-force relationship of rat plantar flexor muscles working in situ. Shifts in muscle optimum length (i.e., length-force relationship) after eccentric contractions have also been reported for isolated toad muscle (29) , frog muscle (15) and frog single muscle fibers (21) . Taken together, these observations support the hypothesis that the cause for the shift in isometric length-force relationship is located within the muscle fibers (i.e., sarcomeres of each fiber).
Failure in the E-C coupling explained 57-75% of the decline in force out to 5 d after contraction-induced injury in vivo (13) . Excitation-contraction coupling ends with the release of calcium from the sarcoplasmic reticulum. After eccentric contractions, a loss of calcium homeostasis (8) and loss of sarcoplasmic reticulum membrane integrity (25) were observed. The present study provides indirect evidence for altered release of calcium by showing an increase in the time to reach 50% of the maximal isometric torque. The increase in the time to reach 50% of the maximal isometric torque was also observed during sustained isometric contractions (1900 ms), albeit to a lesser extent. Interestingly, similar reductions in torque due to isometric contractions and stretches were associated with smaller changes in half contraction time for the stretches (Fig. 6 ), suggesting that causal factors for reductions in torque are independent from factors causing changes in half contraction time. Our data do not distinguish which events are causative for deceleration of the rate of torque development. It is concluded that a series of sustained isometric contractions and active stretches reduce the isometric torque output and decelerate the rate of torque development.
In summary, angular velocity within the range tested did not appear to be a critical factor in the decline in performance in skeletal muscle torque working in situ. Repeated eccentric contractions decrease the isometric torque and the rate of torque development in rat plantar flexors working in situ more than during repeated isometric contractions. 
